Effects of multi-walled carbon nanotubes (MWNTs) on flame retardation as well as thermal stabilization efficiency of two phosphorus-containing flame retardant systems i.e., ammonium polyphosphate/pentaerythritol (APP/PER) and red phosphorus (RP) in polypropylene (PP) have been investigated. Limiting oxygen index, thermo-gravimetric analysis, melt flow index, and tensile tests have been performed in this study. Moreover, the structure of the nanocomposites was characterized by scanning electron microscopy (SEM). SEM images revealed good dispersion of fillers in the polymer matrix. Furthermore, it was shown that the addition of MWNTs alone at a minimum loading level of 4 wt% improves thermal stability of PP considerably without any undesirable effect on its flow-ability and mechanical properties. Moreover, addition of MWNTs alone resulted in a slight improvement of flammability of the polymer. However, comparison between thermal stability and flame retardancy of PP samples containing a combination of MWNTs and APP/PER or RP and those of the samples containing APP/PER or RP alone proved that MWNTs interfere with thermal stabilization and flame retardation efficiency of both APP/PER and RP in the polymer.
Background
Polypropylene (PP) is one of the most widely used polyolefins and has a broad range of applications such as automotive parts, cables, electronics, and architectural materials. However, combustibility and melt dripping during its burning are two disadvantages for this commodity polymer. So, it is necessary to incorporate some flame retardant into PP for the applications where the product is subjected to the fire hazard. Among commercial flame retardants used for PP, halogen-containing flame retardants have a pronounced flame retardation activity. However, they produce large amounts of smoke and corrosive and irritating gases on burning and thus, their use in some applications is being restricted [1, 2] . It is therefore worthwhile to investigate on halogen-free flame retardation of PP. In recent years, intumescent flame retardants (IFR) are introduced as a new generation of flame retardants for polypropylene with less smoke, toxicity, and corrosion as well as lack of any molten dropping [3, 4] . Unfortunately, high levels of loading of flame retardant are generally needed to achieve a reasonable flame retardancy which contributes to unacceptable changes in the physical and mechanical properties of polypropylene composites. As a result of this fact, nanoparticle materials have attracted an interest for their ability to improve the mechanical and thermal properties [5] . Moreover, acceptable flammability properties of polymers can be achieved by polymer/ carbon nanotube nanocomposites [6] . However, the question which remained unanswered is that if there is any synergistic effect in flame retardation activities in PP between the traditional phosphorus-containing flame retardants and carbon nanotubes. Therefore, the present work was devoted to the investigation on the effects of multi-walled carbon nanotube on thermal stability and flame retardancy of PP composites containing two different phosphorus-containing flame retardant systems, including ammonium polyphosphate/pentaerythritol (APP/ PER) and red phosphorus (RP) with different levels of loading which have been studied.
Methods

Materials
The matrix polymer used in this study was PP supplied by BIPC (Poliran PI0800, melt mass flow rate of 10 g/10 min at 230°C) (Bandar Imam Petrochemical Company, Imam Khomeini special economic zone port, Iran). APP was purchased from Clariant (Exolit AP 422) (Clariant International Ltd., Muttenz, Switzerland), and pentaerythritol (PER) and red phosphorus were obtained from Merck KGaA, Darmstadt, Germany. Multi-walled carbon nanotubes (MWNTs) were supplied by Research Institute of Petroleum Industry (Tehran, Iran).
Sample preparation
Composite samples were prepared by melt blending of the polypropylene with a certain amount of other materials specified by their own formulation (Table 1) in a Brabender internal mixer (Brabender GmbH and Co., Duisburg, Germany) with a rotor rate of 60 rpm within 15 min. The mixer temperature was set at 190°C [7] . Polypropylene melted in about 3 min, and the fillers were added at this time, and the mixing was continued for 12 min. All samples for measuring flammability properties (20 × 10 × 0.2 mm thickness) were compression-molded at 190°C under a pressure of 25 bar for a duration of 15 min.
Thermal stability and flammability measurements
Thermo-gravimetric analysis was conducted in a nitrogen atmosphere from room temperature to 500°C at a heating rate of 10°C/min. Temperatures corresponding to 5%, 10%, 20%, and 50% weight loss due to thermal decomposition were determined. The flammability of the samples was evaluated by measuring their limiting oxygen index (LOI) according to ASTM D2863 (Intertek Plastics Technology Laboratories, Pittsfield, MA, USA).
Rheological and mechanical properties measurements
Melt flow index of the samples was measured according to ASTM D1238 at 230°C/2.16 kg. Tensile properties of samples were determined according to ASTM D638 using an Instron 4411 instrument (Norwood, MA, USA).
Characterization
Scanning electron microscope with high resolution is a powerful instrument for imaging of fine structures of materials and nanoparticles fabricated by nanotechnology. The state of MWNTs dispersion in the prepared samples was evaluated using scanning electron microscopy SEM using a Hitachi S4160 instrument (Hitachi America Ltd., Brisbane, CA, USA).
Results and discussion
Flammability measurements
The flammability was characterized by LOI measurements. Table 2 shows the LOI values and dripping behavior of all the specimens. PP ignites easily and its LOI is only 17.0 with heavily dripping. As it can be clearly seen in Table 2 , the ammonium polyphosphate/pentaerythritol (APP/PER) system effectively improves flame retardancy of PP so that its LOI reaches 24 when the amount of APP Table 1 Formulation of PP samples used for the study In order to evaluate the effects of MWNTs on flame retardation efficiency of APP/PER and RP, PP samples containing both MWNTs and APP/PER or RP were prepared. Amounts of APP/PER and RP loading in these samples which are presented in Table 1 were chosen according to the results of LOI measurements. As it is seen in Table 2 , the presence of MWNTs decreases the values of LOI on the samples containing APP/PER, but the samples still show reasonable flame retardancy. On the other hand, MWNTs have no effect on flame retardation efficiency of RP so that the values of LOI for the samples containing both MWNTs and RP and the samples containing only RP at the same level are almost the same [8] . Besides, by comparing the LOI values of samples containing RP alone and those containing APP/PER at the same level of loading, it could be concluded that the halogen-free flame retardant APP/PER is a more effective flame retardant for PP than RP [9] .
Thermal degradation studies
The thermal stability of the samples and the amount of their decomposition at varying temperatures are analyzed by thermo-gravimetric analysis (TGA). Figures 1  and 2 show the TGA curves for the first group of the samples (those containing a single flame retardant system) and the second group (those containing a combined flame retardant system), respectively, by analyzing them in nitrogen atmosphere. Initial decomposition temperature (IDT) is defined as the 5% weight loss in TGA experiments [9] . The IDT values as well as values of temperatures corresponding to 10% (T 10 ), 20% (T 20 ), and 50% (T 50 ) weight loss for the PP samples determined from the TGA curves are presented in Table 3 . It can be inferred from the results presented in Table 3 that the addition of 2% by weight of MWNTs not only has no beneficial effect on PP but also it slightly decreases IDT of PP. However, C4 sample has the highest IDT among the specimens with an amount of 365.4°C [8] . Moreover, the temperatures corresponding to 10%, 20%, and 50% decomposition for the samples containing (MWNTs) get higher values than those for other samples. Among the other samples, the greatest values for measured decomposition temperature belong to the samples containing only RP as flame retardant.
In addition, it can be inferred from the data presented in Table 3 that IDT values of the samples containing APP/PER are lower than that of the blank sample. On the other hand, the samples containing RP have the best thermal stability and it seems that the optimum level of RP loading in this regard is 5% because no significant change in IDT value is observed by increasing the amount of RP loading from 5% to 10%.
Meanwhile, the slope of the TGA curves in Figure 1 which indicates the rate of the weight loss or interchangeably, rate of thermal decomposition of the samples, is less for the samples containing APP/PER in comparison with the other samples specially those containing MWNTs. As it is seen in Figure 1 , thermal degradation occurs between 272.6°C and 500°C, and the observed trend of weight loss is the same for all the samples. Moreover, no decomposition occurs beyond 500°C for all specimens. The behavior has been already observed for IFR flame-retarded samples and could be attributed to the formation of a phosphorus or carbon layer on the surface of the samples [6] .
Besides, as it is seen in Figure 2 , all of the samples containing both APP/PER or RP and MWNTs have decomposed sooner than the blank sample, but the degradation in the samples is slower, and the final temperature of decomposition is more than the blank sample. Furthermore, the trend of weight loss for the samples containing both APP/PER or RP and MWNTs is not similar to those for the corresponding samples without MWNTs. Some complexity in the thermal stability behavior is seen in the curves which could be caused by a small amount of iron in the MWNTs used in this study [10] . It is reported that iron particles are formed from ferrocene used as a catalyst to make MWNTs. The iron content in MWNTs is about 7.1 wt%. The iron particles are encapsulated at various locations inside the nanotubes and also as in the nanospheres near the nanotube tips. Nanoparticulate iron is pyrophoric and could reduce the thermal oxidative stability of the samples acting as a catalyst during the oxidative degradation of the PP composites.
Furthermore, as it could be inferred from the results given in Table 3 , IDT values for APC2 and AP15 samples which contain the same amount of APP/PER are almost the same indicating that the addition of MWNTs at this level of loading has no positive effect on thermal stability of AP15 sample. Nonetheless, T 20 and T 50 values for APC2 sample are more than 40°C higher than those of AP15 sample, which indicates that the addition of MWNTs lowers the rate of thermal degradation of AP15 sample. As the amount of improvement in T 20 and T 50 values of PP (the blank sample) through the addition of both APP/PER and MWNTs is higher than the sum of the individual improvement in those values, respectively, by the addition of APP/PER and MWNTs, it could be assumed that there is a synergistic effect between APP/ PER and MWNTs in this regard. Meanwhile, regarding T 20 and T 50 values for all samples, APC2 sample shows the best result which is a noticeable achievement. However, by comparing IDT, T 10 , T 20, and T 50 values for APC4 and AP15 samples, it could be concluded that the thermal stability of AP15 not only does not increase in the presence of 4 wt% of MWNTs, but also faces a noticeable decrease so that the IDT, T 10 , T 20, and T 50 values of APC4 sample are about 40°C to 50°C lower than those of AP15. On the other hand, comparing IDT, T 10 , T 20, and T 50 values for RPC2 and RPC4 samples with those of RP5 indicates that MWNTs in both levels of loading has a negative effect on thermal stability of RP5 sample. Furthermore, the diminishing effect of MWNTs on thermal stability of RP5 sample is more pronounced at the higher level of MWNTs loading.
Melt flow index measurements
Melt flow index (MFI) values for all the samples are shown in Figure 3 . The high value of MFI means that the material easily flows and is thereby easy to process. Quite often, low MFI values create form-filling problems and are therefore not desirable from the processing point of view. By comparing the MFI values of the blank sample with the samples containing only one flame retardant system, it could be inferred that addition of both of the APP/PER and RP flame retardant systems increases MFI of the PP and the amount of increase is more pronounced in the presence of APP/PER system. Thus, APP/PER and RP not only has no undesirable effect on flow-ability of PP, but also improves it. On the other hand, MFI value of the C2 sample is slightly higher than that of the blank sample, but increasing the amount of MWNTs loading leads to a decrease in MFI value so that the MFI value of C4 and C6 samples is slightly lower than that of the blank sample. Melt viscosity increase by the addition of carbon nanotube has been observed by others and is attributed to the formation of a continuous MWNTs network structure in the polymer [11] . Furthermore, by comparing MFI values of APC2, APC4, and AP15 samples, it could be inferred that the addition of MWNTs to AP15 sample leads to a decrease in MFI value which is proportional to the amount of value of MWNTs loading. However, the MFI values of APC2 and APC4 are still higher than that of the blank sample. Comparison between MFI values of RPC2 and RPC4 samples and that of RP5 again leads to the deduction that the melt viscosity of the filled PP sample is increased by the addition of MWNTs.
Mechanical properties measurements
The tensile strength of the samples is presented in Figure 4 . Comparison between the tensile strength of the blank sample and that of the samples containing only APP/PER flame retardant system reveals that as it is expected, the addition of the APP/PER causes a decline in the tensile strength of PP, which increases with increasing the amount of APP/PER loading in the sample [12] . On the other hand, one of the attractive features of RP is its negligible effect on the mechanical properties of the polymer [13] . As it is seen in Figure 4 , addition of the RP not only does not decrease tensile strength of PP, but also causes a slight increase in its value which is more at lower levels of RP loading. Meanwhile, the tensile strength of the C2 sample is slightly lower than that of the blank sample, but increasing the amount of MWNTs loading leads to an improvement in tensile strength so that the tensile strength of the C6 sample is almost the same as that of the blank sample. Furthermore, by comparing tensile strength of APC2 and APC4 samples with that of AP15 samples, one can conclude that the addition of MWNTs to AP15 sample has no significant effect on the tensile strength of AP15 sample. Thus, the comparison between the tensile strength RPC2 and RPC4 samples and that of RP5 samples proves that tensile strength of RP5 sample is not influenced by the addition of MWNTs.
Morphologies of the nanocomposites
SEM images taken from the recovered MWNTs from the unburned PP/MWNTs nanocomposites containing APP/PER flame retardant system (APC2) are shown in Figure 5 . It is seen as well-dispersed MWNTs implying good dispersion in the PP/MWNTs nanocomposite.
Conclusions
Polypropylene/MWNTs nanocomposite samples were prepared with good dispersion of the nanotubes. It was proved that MWNTs, when used at an optimum level of 4 wt%, improve thermal stability and flammability of PP without any undesirable effect on its flow-ability and mechanical properties. Although the efficiency of MWNTs in flame retardation of the polymer is significantly less than that of the both flame retardant systems, ammonium polyphosphate/pentaerythritol and red phosphorus, MWNTs could stabilize the polymer against thermal degradation more effectively than the both flame retardant systems. However, MWNTs interfere with thermal stabilization and flame retardation efficiency of both APP/PER and RP flame retardant systems in the polymer. 
